Areas in western Antarctica are experiencing rapid climate change, where ocean warming results in more sea ice melt simultaneously as oceanic CO 2 levels are increasing. In this study, we have tested how increased temperature (from −1.8 to 3 °C) and decreased salinity (from 35 to 20 and 10) synergistically affect the growth, photophysiology and biochemical composition of the Antarctic sea-ice diatom Nitzschia lecointei. In a separate experiment, we also addressed how ocean acidification (from 400 to 1000 µatm partial pressure of CO 2 ) affects these key physiological parameters. Both positive and negative changes in specific growth rate, particulate organic carbon to particulate organic nitrogen ratio, chl a fluorescence kinetics, lipid peroxidation, carbohydrate content, protein content, fatty acid content and composition were observed when cells were exposed to warming and desalination. However, when cells were subjected to increased pCO 2 , only F v /F m , nonphotochemical quenching and lipid peroxidation increased (by 3, 16 and 14%, respectively), and no other of the abovementioned biochemical properties were affected. These results suggest that changes in temperature and salinity may have more effects on the biochemical composition of N. lecointei than ocean acidification. Sea-ice algae are important component of polar food webs, and their nutritional quality may be affected as a result of altered environmental conditions due to climate change and sea ice melt.
Introduction
Sea-ice algae can contribute to up to 25% of the annual primary production in ice-covered waters, and can provide an important food source for grazers, especially in the early spring (Horner and Schrader 1982; Lizotte 2001; Arrigo and Thomas 2004) . As the sea ice is melting during the summer months, diatoms are exposed to large variations in abiotic factors (such as salinity, irradiance and nutrient levels), and are ultimately dispersed into the underlying surface water, and can potentially seed the pelagic bloom under favorable conditions (Lizotte 2001; Riaux-Gobin et al. 2011) . The community composition, growth and photosynthetic activity of sea-ice microorganisms are closely related to many abiotic factors, such as nutrients, temperature, salinity, irradiance quantity and quality (Palmisano et al. 1987; Zhang et al. 1999; Rajanahally et al. 2015; Torstensson et al. 2015a ). Many psychrophilic diatom taxa have evolved in the Southern Ocean (Wulff et al. 2009 ), and changes in environmental conditions due to predicted climate change may have fundamental consequences for several Antarctic ecosystems.
As global air and ocean temperatures continue to increase, the physicochemical properties of polar environments are shifting rapidly, especially in the Arctic and in areas around the Antarctic peninsula, where temperature has increased by > 1 °C since the 1950s (Meredith and King 2005) . For instance, as the areal extent and thickness of sea ice diminish leading to increased irradiance below sea ice (Arrigo et al. 2013) , the extent and duration of ice features associated with salinity extremes-e.g. freshwater melt ponds, under-ice melt lenses-also increase. These factors are key components in determining the productivity and community structure of sea-ice associated and under-ice blooming microorganisms (Arrigo et al. 2012; Assmy et al. 2013; Torstensson et al. 2015a) , and the melting season has been shown to be important for the development of seaice associated microbial communities in the Arctic (Assmy et al. 2013; Fernández-Gómez et al. 2018) . Simultaneously as the global oceans become warmer, the oceanic uptake of anthropogenic CO 2 is shifting the marine carbonate system towards a less alkaline state (ocean acidification), often causing substantial changes in marine food web dynamics (Hoegh-Guldberg and Bruno 2010) . The average oceanic pH is predicted to decrease by ~ 0.3 units by the end of the century according to IPCC RCP8.5 (IPCC 2013) , and is believed to have the greatest impacts in cold environments as CO 2 dissolves more readily and there is a naturally low concentration of carbonate ions in polar oceans.
Previous work indicate that most Antarctic diatoms have an optimal growth temperature between 2 and 6 °C (Longhi et al. 2003; Schlie and Karsten 2016) , and have salinity growth and photosynthesis ranges between 5 and 50 (Schlie and Karsten 2016; Torstensson et al. 2018) . The reports of ocean acidification effects on sea-ice microalgae are mixed with positive, negative and unchanged responses, and most effects of moderate pCO 2 levels on the growth rate of seaice microorganisms are minor (reviewed in McMinn 2017). However, other biogeochemically important physiological changes may be greater in response to ocean acidification, such as carbon metabolism and nutrient uptake rates (Torstensson et al. 2015b; Qu et al. 2017) . Although it has been shown that the food quality of sea-ice algae reduces as a result of increased irradiance as the sea ice become thinner (Leu et al. 2010 ), few studies have described how the biochemical composition of sea-ice diatoms are affected by temperature, salinity and pCO 2 . These factors could potentially have significant consequences for the nutritional value of diatoms and therefore impact higher trophic levels in the Antarctic ecosystem.
As the reports of effects of climate change on sea-ice microalgae are still few (e.g. ocean acification, McMinn 2017), there is an urgent need to develop a better understanding of how these organisms will be affected by these changes in the Southern Ocean. There is also an emerging field of using cold-adapted microalgal strains as suitable candidates for commercial algal production in colder climates (Suzuki et al. 2019) , which calls for baseline information about optimal growth conditions and production yields in psychrophilic microalgal cultures. In this work, we have addressed the physiological performance and biochemical composition of the sea-ice diatom Nitzschia lecointei (isolated from western Antarctica), present in Southern Ocean pack ice and water column (Ligowski 1992; Ryan et al. 2004; Riaux-Gobin et al. 2011 ), when exposed to factors related to the melting of sea ice, such as increased temperature, lowered salinity and increased pCO 2 . In two laboratory experiments, the effect of increased pCO 2 (400 and 1000 µatm) and the interaction effects of increased temperature (from −1.8 to 3 °C) and reduced salinity (35, 20 and 10) have been studied. The changes in temperature and pCO 2 represent changes that are projected to occur within the next century according to global models (IPCC 2013), and the salinity range was chosen to represent the shifts that microalgae naturally experience in Antarctic pack ice during the melting season (Torstensson et al. 2018 ). We hypothesized that N. lecointei would change in biochemical composition (carbohydrate, protein, fatty acid, particulate organic carbon [POC] and nitrogen [PON] content) in response to the treatments, even when growth rate or photosynthesis was unaffected. We also hypothesized that cells would be more prone to oxidative stress under sub-optimal growth conditions, resulting in a higher degree of lipid peroxidation.
Materials and methods

Temperature and salinity experiment
The diatom N. lecointei was isolated from sea ice collected in the Amundsen Sea, and was cultured at −1.8 °C and salinity 34 until the experiment started. The combined effect of increased temperature and decreased salinity was studied in an orthogonal experimental design. The original culture was split up and gradually diluted with f/2 medium (Guillard 1975) prepared from artificial seawater with three different salinities (Instant Ocean®, Spectrum Brands Inc., Blacksburg, VA, USA) until the targeted salinities were reached (10, 20 and 35) . Dilutions were performed in five steps during 22 h, each step representing an approximate decrease of 3 and 5 salinity units in the intermediate and low salinity treatment, respectively. This rate was chosen to simulate natural changes that could occur when the ice is melting as described in Lyon et al. (2016) . At the last step (day 0), the experiment was initiated by dividing the cultures into two water baths at different temperatures (−1.8 and 3 °C), creating six treatment groups (n = 3). The experiment was conducted for 7 days under an 18:6 h light:dark cycle at 30 μmol photons m -2 s -1 of photosynthetic active radiation (PAR 400-700 nm), provided by fluorescent tubes (GE Polylux XLR 18 W/860). The duration of the experiment was chosen to limit nutrient depletion and stationary growth, but long enough to have detectable growth in the more extreme treatments.
The irradiance level was measured in the water baths, and was chosen based on the light saturation parameter (E k ) of the starting culture. The positions of the flasks were rotated daily to ensure equal irradiance. Temperature was monitored throughout the experiment using HOBO Pendant data loggers (Onset Computer Corp., Pocasset, MA, USA).
CO 2 enrichment experiment
N. lecointei was inoculated in f/2 medium prepared from natural seawater (salinity 32, pre-equilibrated to 400 and 1000 µatm (± 10%) pCO 2 by aeration of air/CO 2 mixes. CO 2 mixing was performed in-line with pure CO 2 gas (Air liquide) and 0.2 µm filtered, partially CO 2 -scrubbed (Ca(OH) 2 and NaOH) indoor air. The individual culture flasks were bubbled with the air/CO 2 mixes throughout the experiment, and pCO 2 levels were monitored daily by measurements with an AirSense 310e CO 2 sensor (Digital Control Systems Inc, Portland, USA). The increase in total alkalinity (A T ) due to addition of silica was counterbalanced by the addition of 0.1 M HCl to return to realistic A T values. The culture flasks (n = 5 per treatment) were randomly placed in a water bath controlling the temperature at −1.8 °C and the cells were pre-acclimated to the experimental conditions for 3 days before the experiment started. The experiment lasted for 6 days and temperature was monitored throughout the experiment using HOBO Pendant data loggers (Onset Computer Corp., Pocasset, MA, USA). The experiment was conducted under an 18:6 h light:dark cycle at 30 μmol photons m -2 s -1 of PAR, provided by fluorescent tubes (GE Polylux XLR 18 W/860). Samples for carbonate system determination were taken every third day of the experiment, thermostated to 25 °C and pH was measured on the total scale (pH T ), using a Crison 50 10 T pH electrode (Crison Instruments, Barcelona, Spain). The electrode was calibrated daily with a Tris-HCl buffer prepared from artificial seawater with salinity 35, and pH was calculated according to Dickson et al. (2007) . A T was measured by manual potentiometric titration in an open cell with 0.02 M HCl. The equivalence point was evaluated using the Gran function (Gran 1952) . The accuracy for A T data was checked (99.4%) and calibrated against analyzed certified reference material (CRM), provided by Andrew G. Dickson, Scripps Institute of Oceanography, CA, USA. The CRM was titrated in triplicates with a standard deviation of 6 µmol kg -1 . Parameters of the carbonate system was calculated at in situ conditions (salinity, temperature, pressure) from measured values of pH T , A T , salinity and temperature using the program CO2SYS (Pierrot et al. 2006) . K 1 and K 2 constants used in calculations were determined by Mehrbach et al. (1973) and refitted by Dickson and Millero (1987) . The constant for SO 4 was determined by Dickson (1990) .
Cell density and growth rate
Diatom cell density was counted in live samples using a BD Accuri C6 flow cytometer (BD Biosciences, San Jose, CA, USA) until a minimum of 2000 cells per sample were counted. No signs of aggregation or biofilm formation were observed in the cultures, and cell abundances were maintained within the range that can occur in sea ice thoughout the experiment (Arrigo 2017). Samples were analyzed daily for the salinity and temperature experiment, and every third day for the CO 2 enrichment experiment. Growth curves were log-transformed and modeled using a spline fit in the R package growthrates (Petzoldt 2018; R Core Team 2018) , and the maximum specific growth rate (µ max ) was calculated from the model's first derivative (Kahm et al. 2010 ).
Variable fluorescence
The photosynthetic performance of N. lecointei was analyzed by rapid light curves (RLC) using PAM-fluorometry (Water-PAM, Universal control unit, Water-ED, Walz Mess-und Reigeltechnik, Effeltrich, Germany) (Ralph and Gademann 2005) . The Water-ED unit was kept on ice in a temperature-controlled room set to 2 °C during all measurements. Cells were dark adapted for a minimum of 30 min, which was verified to be sufficient by multiple maximum quantum yield (F v /F m ) measurements over the course of one hour prior to the start of the experiments. The F v /F m and effective quantum yield (φ PSII ) of photosystem II (PSII) were measured by applying a low level of light to determine minimum fluorescence (F 0 and F) and the maximum fluorescence (F m and F m ′) by exposing the sample to a short saturation pulse of measuring light (> 3000 μmol photons m −2 s −1 for 0.8 s). Variable fluorescence (F v = F m − F 0 ) and F v /F m were determined for all samples prior to the start of RLCs. RLCs were performed by measurement of φ PSII ((F m ′ − F)/F m ′) of quasi-adapted (15 s) cells to stepwise increasing actinic light levels in the Water-PAM measuring unit (0, 29, 45, 63, 96, 143, 219, 322 and 492 μmol photons m −2 s −1 , as calibrated with a WALZ Micro Quantum Sensor US-SQS/ IB). The relative electron transport rate (rETR) was then calculated as rETR = φ PSII × PAR, where PAR is the irradiance in µmol photons m −2 s −1 . The saturating rETR-RLCs were fitted using Eilers and Peeters (1988) , so that E k (µmol photons m -2 s -1 ), the photosynthetic efficiency as the initial slope (α PSII ) and the relative maximum ETR (rETR max ) were calculated. Non-photochemical quenching (NPQ) describes regulated dissipation of excess energy and the capacity of protection of the photosynthetic electron transport chain, and it was determined in a separate sample after exposure of 96 μmol photons m −2 s −1 for 210 s, and calculated by (F m − F′ m )/F′ m (Ralph and Gademann 2005) .
Total carbohydrates
The samples for total carbohydrates (10-40 mL) were collected on Whatman GF/F filters by gentle filtration (0.2 bar) and subsequently stored at −20 °C until further processing. Samples were extracted in distilled water while sonicated using a UP50H sonicating probe (Hielscher Ultrasonic GmbH, Teltow, Germany) operating at 80% for 30 s. The samples were heated to 80 °C for 2 hours and centrifuged for 10 min at 14,000×g to remove cell debris. Total carbohydrates were measured in the supernatant using the phenol-sulphuric acid method (Kochert 1978) . In brief, a sample (1.5 mL) was mixed with 50 µL 80% phenol and 5 mL H 2 SO 4 and left to react for 30 min. The absorbance of the sample was read at 485 nm and carbohydrate concentration was calculated using glucose as standard.
Total proteins
Cells (100-300 mL culture) were harvested by centrifugation (7 min at 3000×g, 4 °C), and frozen in liquid nitrogen. Samples were stored at −80 °C until extraction of proteins. Proteins were extracted by adding 100 µL of 10% SDS on frozen biomass and homogenized in a Retsch MM400 mixer mill (Retsch, Haan, Germany). Samples were sonicated on ice using a UP50H sonicating probe (Hielscher Ultrasonic GmbH, Teltow, Germany) operating at 80% for 30 s and subsequently mixed with 400 µL of lysis buffer (50 mM β-glycerophosphate pH 7.2, 0.1 mM sodium vanadate, 2 mM MgCl 2 , 1 mM EGTA, 1 mM dithiothreitol, 2 µg mL -1 leupeptin and 4 µg mL -1 aprotinin). A second sonication step was applied for 30 s, and samples were finally centrifuged for 30 min at 4 °C and 14,000×g to remove cell debris. Proteins from the supernatant were concentrated using Pall Nanosep® 10 K Centrifugal devices (Pall Corporation, Michigan, USA) and quantified according to the bicinchoninic acid method (Smith et al. 1985) , using bovine serum albumins (Sigma-Aldrich, Madrid, Spain) as standard.
Lipid extraction and fatty acid analysis
A well-mixed sample (15-50 mL) was filtered onto precombusted (4 h at 450 °C) Whatman GF/F (Whatmann, Merck KGaA, Darmstadt, Germany) filters, flash frozen in liquid nitrogen and stored at −80 °C until further processing. For lipid extraction, the frozen filters were spiked with 5 µg of the internal standard di-nonadecanoyl phosphatidylcholine (Larodan, Solna, Sweden) and boiled in 2-propanol for 5 min. Samples were evaporated to dryness under N 2 flow at 40 °C. Fatty acids from glycerolipids were derivatized to fatty acid methyl esters (FAMEs) by direct alkaline transmethylation through the addition of 1 mL of 0.5 M sodium methoxide and 250 µL of heptane and sonication for 30 min. Samples were acidified with 50 µL of acetic acid and diluted with 1 mL of distilled water. After thorough vortex-mixing, samples were centrifuged and the upper organic phase collected, evaporated under N 2 flow, and finally the dried residue was dissolved in 30 µL acetonitrile. 1 µL of the sample was used for analysis on an Agilent 7820 gas chromatograph coupled to an Agilent 5975 mass selective detector (Agilent Technologies, Santa Clara, USA) as described in Nilsson et al. (2019) . The mass detector was operated in scan mode (m/z 50-400) and total ion chromatograms from FAMEs were integrated and quantified using MassHunter Work Station Software Quantitative Analysis for GCMS (Version B.06.00, Agilent Technologies, Santa Clara, USA).
Particulate organic carbon and nitrogen
A well-mixed sample (15-50 mL) was filtered onto precombusted (4 h at 450 °C) Whatman GF/F filters. The filters were rinsed with distilled water to remove salts, and subsequently stored at −20 °C until further processing. Samples were dried at 60 °C during 48 h. The filters were fumigated with 10% HCl for 4 h to remove inorganic carbon and analysis of particulate organic carbon (POC) and nitrogen (PON) was performed with a PerkinElmer 2400 CHN Elemental Analyzer at 950 °C.
Lipid peroxidation
Oxidative stress in the cellular environment results in the formation of highly reactive and unstable lipid hydroperoxides. Decomposition of the unstable peroxides derived from PUFAs results, among others, in the formation of thiobarbituric acid reactive substances (TBARS) as by-products of lipid peroxidation (i.e. as degradation products of lipids), which can be detected by the TBARS assay using thiobarbituric acid as reagent. Cells were collected by gentle filtration (0.2 bar) on Millipore 0.8 µm ATTP Isopore membrane filters and immediately frozen in liquid nitrogen, and subsequently stored at −80 °C. Samples were analyzed using a method of Heath and Packer (1968) , modified by . In brief, 0.8 mL MilliQ was added to frozen biomass followed by an ultrasonic extraction using a Vibra-cell sonicating probe, operating at 80% in 5-s pulses. After sonication, 0.8 mL of 0.5% (w/v) thiobarbituric acid in 20% (w/v) trichloroacetic acid was added and samples were incubated at 90 °C for 30 min. Samples were put on ice and filtered through a 0.45 µm nylon filter. Absorbance was measured at 532 and 600 nm on a Shimadzu UV-1800 spectrophotometer, using extraction solvent as blank. The amount of TBARS was calculated using an extinction coefficient of 155 mM -1 cm -1 , and expressed as malondialdehyde equivalents.
Statistical analysis
Longitudinal data were analyzed using linear mixed effect (LME) models using the nlme package in R (Pinheiro et al. 2018; R Core Team 2018). The models were fitted using the interaction between pCO 2 concentration and Day, where both were treated as fixed factors. The individual sample flask was included as a random factor (random intercept) in the model to account for repeated measurements over time, using a compound symmetry covariance structure. Parametric assumption were assured by graphical exploration of the data (Quinn and Keough 2002) . Student's t tests were used to test differences between pCO 2 in non-longitudinal data, and two-way ANOVA was used for testing the interaction between temperature and salinity. Tukey's HSD test was used to explore differences over time and between treatments. Statistical significance was determined using a probability level of < 0.05.
Results
Effects of increased temperature and decreased salinity
Growth rate
The maximum specific growth rate of N. lecointei was significantly affected by the interaction between temperature and salinity (p < 0.01, F 2,12 = 11.2, two-way ANOVA, Fig. 1a ), where rates were faster at 3 °C compared to −1.8 °C (Fig. 1a ). All treatments were significantly different (p < 0.0001, Tukey's test) except for salinity 20 and 35 both at −1.8 °C (p = 0.999, Tukey's test) and at 3 °C (p = 0.0664, Tukey's test). Cell density increased between 5 and sixfold during the 7 days of cultivation at 3 °C and salinity 35 and 20, respectively, while it only increased 2.5 times at −1.8 °C at the same salinities. Maximal cell density after 7 days of cultivation reached 1.9 × 10 5 cells mL -1 at 3 °C, while only 0.9 × 10 5 cells mL -1 were counted at −1.8 °C. At both temperatures, growth was limited at salinity 10.
Biochemical composition
Cellular carbon content was in general higher at the beginning than at the end of the experiment (Table 1 ). In addition, carbon content was significantly higher at −1.8 °C than at 3 °C (p < 0.0001, F 1,12 = 103, two-way ANOVA) and was affected by salinity (p < 0.0001, F 2,12 = 151, two-way ANOVA) after 7 days of cultivation. Here, carbon cell content was highest at salinity 10, and lowest at salinity 20 (p < 0.0001, Tukey's test). Cellular nitrogen content (Table 1) was synergistically affected by temperature and salinity (p < 0.001, F 2,12 = 103, two-way ANOVA), where nitrogen content was higher at low temperature in the salinity 10 treatment (p < 0.001, Tukey's test), but not affected by temperature at salinity 20 and 35 (p = 0.82, Tukey's test). The nitrogen content was significantly higher at salinity 10 compared to salinity 20 and 35 (p < 0.0001, Tukey's test).
These changes in C and N content induced small differences in the C/N ratio ( Fig. 1b ; Table 1 ): first, it was always higher at day 0; second, it was higher at −1.8 °C than at 3 °C (p < 0.0001, F 1,12 = 101, two-way ANOVA); third, it was also significantly affected by salinity (p = 0.00108, F 2,12 = 12.7, two-way ANOVA), being lower at salinity 20 compared to 35 (p < 0.001, Tukey's test).
The content of carbohydrates showed some variations during growth; the main difference between treatments was that carbohydrate content was affected by salinity (p = 0.0008, F 2,12 = 13.8, two-way ANOVA, Fig. 1c ), being lower at salinity 20 than at salinity 10 and 35 (p < 0.002, Tukey's test). In addition, carbohydrate content was significantly reduced by temperature, and cells accumulated more carbohydrates at −1.8 °C than at 3 °C (p < 0.0001, F 1,12 = 36.2, two-way ANOVA). Protein content showed the reverse scenario, being maximal at 3 °C and salinity 20 after 7 days of cultivation (p = 0.003, F 1,12 = 13.8, two-way ANOVA, Fig. 1d ), i.e. at the optimal temperature and salinity conditions for the growth of N. lecointei.
The cellular fatty acid content was also affected both by temperature and salinity (p < 0.0001, F 1,12 = 99.3 and F 2,12 = 162, respectively, two-way ANOVA, Fig. 1e ). Cells had higher fatty acid content at −1.8 °C compared to 3 °C, and at salinity 10 compared to 20 and 35 (p < 0.0001, Tukey's tests). There was no significant difference between salinity 20 and 35 (p = 0.19, Tukey's test).
TBARS, which indicate the degree of lipid peroxidation in cells, were very similar (not statistically significant) directly after acclimation for all treatments (data not shown), while significant differences appeared after 7 days (Fig. 1f) . Both temperature and salinity had significant effects on TBARS content (p < 0.0001 and p = 0.012, F 2,10 = 29.6 and F 1,10 = 9.4, two-way ANOVA), where salinity 10 had higher TBARS content than 20 and 35 (p < 0.001, Tukey's test). TBARS content was also lower at high temperature, although data are missing for salinity 10 at −1.8 °C due to insufficient biomass for analysis ( Fig. 1f ). Salinity 10 at 3 °C seemed to induce the highest oxidative stress to N. lecointei, also resulting in a decrease of growth.
Fatty acid profiles of cells grown at both 3 °C and −1.8 °C displayed a clear salinity dependent separation at 7 days of cultivation in a two-dimension non-metric multidimensional scaling plot (Fig. 2 ). There were significant interactions between temperature and salinity in the total molar fraction of polyunsaturated fatty acids (PUFAs) and monounsaturated fatty acids (MUFAs) (p < 0.01, F 2,12 = 7.1 and 28.6, respectively, two-way ANO-VAs). For cells grown at −1.8 °C, there was a difference in molar fraction of PUFAs between cells grown at salinity 10 and those grown at 20 or 35 (p < 0.03, Tukey's tests, Fig. 3 ), but there were no differences between the salinities in MUFA content (p > 0.58, Tukey's test, Fig. 3 ). Similarly, cells grown at 3 °C showed significant differences in PUFA and MUFA content in all three salinity levels (p < 0.05, Tukey's tests, Fig. 3) . The total fraction of saturated fatty acids (SFAs) in cells was significantly higher in cells grown at salinity 10 compared to 35 and 20 (p < 0.0001, Tukey's tests, Table 2 ), but there was no difference between 35 and 20 (p = 0.86, Tukey's test, Table 2 ). Cells also had a higher fraction of SFAs at −1.8 °C compared to 3 °C (p < 0.03, F 1,12 = 6.8, two-way ANOVA, Table 2 ). In addition, fatty acid chain length was not influenced by temperature or salinity as determined by the Chain Length Index (Mocking et al. 2012 , data not shown).
Fluorescence measurements
There was a significant effect of temperature, salinity, and the interactions between temperature and salinity, temperature and day, salinity and day on F v /F m in N. lecointei (Table 3 , Fig. 4a ). There was a temporal decrease in F v /F m for both salinity 10 and 35 at −1.8 °C during the first 3 days of experiment ( Fig. 4a) , whereas cells in salinity 20 had more stable F v /F m throughout the experiment. F v /F m was generally higher at 3 °C compared to −1.8 °C (Fig. 4a) .
The RLC-derived parameters (rETR max , α PSII and E k ) were significantly affected by the treatments in different ways. rETR max was affected by all interactions and main effects (Table 3) , where the rate was generally lowest and with stable levels throughout the experiment at salinity 35 (Fig. 4b) . For salinity 10, however, rETR max gradually increased at both temperatures (Fig. 4b) . Cells in the intermediate salinity level (20) expressed different temporal behaviors at the two temperatures, where it was gradually increasing at −1.8 °C while maintained stable at 3 °C (Fig. 4b) . α PSII was generally higher at 3 than at −1.8 °C, indicating higher efficiency of the photosynthesis at low irradiance at the highest temperature ( Fig. 4c ; Table 3 ). However, salinity had a negative effect on α PSII at 3 °C, a pattern not observed at −1.8 °C ( Fig. 4c ; Table 3 ). E k was initially high in cells treated with salinity 20 and 3 °C, but decreased after 2 days of experiment ( Fig. 4d ). However, an opposite pattern was observed in the same salinity treatment at −1.8 °C, where E k increased after 3 days (Fig. 4d) . Cells in the remaining treatments had a stable E k throughout the experiment (Fig. 4d ).
Finally, NPQ was affected by all treatments and interactions, except for the interaction between temperature and salinity (Table 3) . Initially, NPQ was high in both salinity 20 treatments, but decreased already after one day (Fig. 4e ). NPQ was always lowest in salinity 35 at −1.8 °C (Fig. 4e) . At 3 °C, NPQ gradually decreased in cells grown at salinity 35, whereas it increased in salinity 20 and 10 after 3 days (Fig. 4e ).
Table 1
Carbon and nitrogen content in Nitzschia lecointei after 7 days of exposure to a combination of increased temperature and reduced salinity Day 0 show data 1 h after a 22-h gradual dilution to the respective salinity (see "Methods" for details). Averages and standards deviation are shown (n = 3) Day 
Effects of CO 2 enrichment
Carbonate system
The carbonate system parameters during the cultivation period are shown in Table 4 . CO 2 concentration in the air introduced to the cultures was set around 400 and 1000 µatm; however, real concentration in the cultures was slightly lower, reaching values representing the actual and future pH of the seawater according to the expected increase of atmospheric CO 2 within the next century. As a consequence of the enrichment with CO 2 , pH T of the cultures changed, reaching values of 8.10 and 7.69 in the 400 and 1000 µatm treatment, respectively (Table 4) .
Growth rate
Increased CO 2 concentration did not have any influence on the growth of N. lecointei (p = 0.51, t test, t 8 = -0.70, Table 5 ). Cell concentration increased from values around 0.6 × 10 5 to 2.6 × 10 5 cells mL -1 in 6 days. 14:0 12.7 (1.1) 12.7 (1.8) 11.5 (3.9) 10.8 (4.9) 11.5 (2.1) 13.2 (1.0) 9.7 (1.0) 9.8 (3.9) 12.1 (0.8) 9.0 (1.5) 11.5 (1.3) 13.6 (1.2) 10.2 (2.1) 9.6 (2.6) 16:0 11.6 (0.4) 12.2 (0.3) 12.3 (0.7) 11.9 (0.9) 11.8 (0.8) 12.0 (0.6) 13.9 (0.8) 13.9 (0.8) 17.7 (0.5) 13.5 (0.5) 11.5 (0.8) 15.5 (0.8) 10.0 (1.0) 9.9 (2.1) 16:1 n-7 33.7 (1.1) 34.5 (1.2) 34.7 (0.8) 33.8 (0.5) 33.8 (1.5) 34.7 (0.8) 37.7 (0.7) 36.0 (0.9) 36.8 (0.3) 32.5 (0.9) 25.4 (1.4) 35.3 (1.5) 25.0 (1.9) 23.3 (3.4) 16:2 2.0 (0.0) 2.0 (0.1) 2.0 (0.0) 1.9 (0.1) 2.0 (0.0) 2.0 (0.0) 2.1 (0.1) 2.0 (0.1) 1.6 (0.0) 3.3 (0.1) 4.0 (0.3) 1.5 (0.1) 3.2 (0.1) 3.0 (0.2) 16:3 n-4 1.3 (0.1) 1.2 (0.1) 1.2 (0.1) 1.2 (0.1) 1.2 (0.1) 1.2 (0.0) 2.6 (0.2) 3.0 (0.1) 1.2 (0.1) 5.0 (0.1) 7.9 (0.2) 2.1 (0.2) 5.7 (0.3) 5.8 (0.9) 16:4 n-4 7.6 (0.2) 6.9 (0.4) 6.3 (0.6) 7.0 (1.2) 7.0 (0.4) 6.6 (0.2) 6.1 (0.5) 6.9 (0.5) 4.7 (0.2) 9.1 (0.1) 11.1 (0. 18:3 n-3 1.9 (0.1) 1.8 (0.2) 1.9 (0.2) 2.0 (0.2) 1.9 (0.1) 1.7 (0.1) 4.5 (0.1) 2.6 (0.2) 1.9 (0.1) 3.8 (0.1) 3.2 (0.3) 3.8 (0.1) 1.5 (0.2) 1.4 (0.2) 18:4 n-3 9.9 (0.3) 9.6 (0.7) 10.1 (1.3) 10.6 (1.3) 9.9 (0.7) 9.1 (0.3) 8.2 (0.4) 9.3 (1.0) 8.0 (0.2) 6.3 (0.5) 6.9 (0.6) 7.7 (0.2) 9.8 (0.8) 9.9 (1.2) 20:5 n-3 11.7 (1.6) 11.3 (1.2) 12.0 (1.8) 12.4 (2.9) 12.7 (1.7) 12.2 (0.9) 7.7 (0.7) 7.6 (2.0) 7.6 (0.6) 9.1 (0.6) 9.0 (1.8) 8.3 (1.9) 12.8 (5.0) 15.0 (11.2) 22:6 n-3 1.3 (0.1) 1.1 (0.1) 0.9 (0.1) 1.2 (0.2) 1.2 (0.1) 0.9 (0.1) 0.9 (0.2) 1.2 (0.1) 0.7 (0.0) 1.4 (0.1) 1.9 (0.5) 0.8 (0.3) 2.5 (0.8) 2.3 (0.9) 24:1 1.9 (0.1) 2.1 (0.2) 2.1 (0.2) 2.4 (1.0) 2.2 (0.4) 1.9 (0.0) 2.1 (0.1) 2.5 (0.5) 2.1 (0.1) 2.9 (0.2) 3.6 (0.1) 1.9 (0.0) 2.2 (0.5) 2.2 (0.4)
Biochemical composition
POC, PON, C/N ratios, carbohydrate, protein and fatty acid content were not significantly affected by elevated pCO 2 (p > 0.05, t tests, Table 5 ). Fatty acid composition did not change by increased pCO 2 (Table 2) . However, TBARS content was higher at 1000 than at 400 µatm pCO 2 . Samples treated with high CO 2 had 14% higher TBARS content than in the control, indicating higher lipid peroxidation at high CO 2 (p = 0.0085, t 8 = -3.5, t test, Fig. 5 ).
Fluorescence measurements
Initial F v /F m was 0.56 in both conditions and increased during the experiment, and reached significantly higher levels at 1000 µatm compared to 400 µatm on Day 3 (p = 0.001, Tukey's test, Fig. 6a ) and Day 6 (p < 0.0001, Tukey's test, Fig. 6a ). Thus, there was a significant interaction between time and CO 2 concentration on F v /F m (p = 0.0038, F 2,16 = 8.1, LME). For RLC-derived photosynthetic parameters, only E k showed a similar response as F v /F m (Fig. 6b-d) , and it was the only parameter significantly affected by high CO 2 (p = 0.02, F 1,8 = 8.2; LME), where it was on average 16% higher in cells exposed to high CO 2 . Both CO 2 concentration and time had a significant effect on NPQ (p = 0.0220 and 0.0023, F 1,8 = 8.0 and F 2,16 = 9.1, respectively, LME). Irrespective of day, NPQ was 15% higher at elevated CO 2 (Fig. 6e ). In addition, NPQ was significantly lower at Day 6 compared to Day 0 (p = 0.007, Tukey's test).
Discussion
This study provides insight on the physiology and biochemical composition of the Antarctic diatom Nitzschia lecointei when subjected to short-term environmental stress in terms of temperature, salinity and pCO 2 . These factors were used to simulate how a sea-ice diatom may respond to summer ice melt, as cells are exposed to variable salinities within sea ice (Torstensson et al. 2018) , and can ultimately be exposed to projected future temperature and pCO 2 scenarios (IPCC 2013) as cells are dispersed into the water column. When cells were exposed to increased temperature (from −1.8 to 3 °C) and reduced salinity (from 35 to 20 and 10), changes in specific growth rate, POC:PON, chl a fluorescence kinetics, carbohydrate content, protein content, TBARS content, fatty acid content and composition were observed. However, when cells were subjected to increased pCO 2 in a separate experiment (from 400 to 1000 µatm), only minor effects were detected in chl a fluorescence kinetics and TBARS content, suggesting that rapid changes in temperature and salinity may have greater effects on the physiology and biochemical composition of N. lecointei than ocean acidification.
As N. lecointei grew faster and had higher photosynthetic yields at a temperature closer to its optimal growth temperature, which is around 5 °C (Torstensson et al. 2013) , its biochemical composition shifted towards a lower POC:PON (closer to Redfield ratio), with higher protein content, but reduced fatty acid and carbohydrate content. Relative fatty acid composition was also affected by temperature, where cells grown at 3 °C had higher relative PUFA content (mainly hexadecatetraenoic [16:4 n-4], hexadecatrienoic [16:3 n-4] and eicosapentaenoic [20:5 n-3] acids) and lower relative MUFA content than cells grown at −1.8 °C.
In contrast to other studies (Teoh et al. 2013) , our findings suggest that the nutritional quality of our studied diatom may be higher at elevated temperature, assuming that the diatom had no nitrogen limitation in the culture medium. However, it is important to consider that the diatoms in our study was grown under nutrient-replete conditions and that other factors related to climate change, such as increased irradiance (Leu et al. 2010) , may have other, and possibly Table 3 Summary of three-way interactions from linear mixed effect models of the photosynthetic parameters in Nitzschia lecointei, after being exposed to two temperature (−1.8 and 3 °C) and three salinity (10, 20 and 35) synergistically, effects on the nutritional quality of sea-ice algae. It is well-know that PUFAs increase membrane fluidity and thylakoid membrane functionality in diatoms (Kates and Volcani 1966) , and that PUFA production is elevated at low temperature (Thomas and Dieckmann 2002) . However, cells in the present study also responded by increasing the total amount of fatty acids at −1.8 °C, resulting in a higher total amount of PUFA content at low temperature even if the relative proportion of PUFA was lower. Hence, cells were possibly compensating for the reduced growth by overproducing all fatty acids. A field study from the Weddell Sea has suggested that decreased temperature and increased salinity impair photosynthetic capacity of sea-ice algae during ice formation (Gleitz and Thomas 1993) . Although growth and F v /F m was drastically suppressed in N. lecointei at salinity 10, the chl a fluorescence parameters rETR max , α PSII , E k and NPQ suggest that the PSII operated normally during the experiment, which is similar to what Ralph et al. (2007) observed when natural sea-ice algal communities were exposed to different saltinites. At the same time, both fatty acid and TBARS content increased considerably in the salinity 10 treatment. It is possible that N. lecointei accumulate energy-rich storage products when exposed to unfavorable conditions that limits growth as long as the carbon supply exceeds the photosynthetic capacity of the cells, similar to that observed in the eustigmatophyte Nannochloropsis sp. (Pal et al. 2011) . It is also possible that cell lysis from the hypoosmotic shock may have overestimated cellular lipid and MDA content, if particlebound lipids from cell debris are collected on the filters for TBARS and fatty acid analysis, similar to the way other macromolecules are retained on 0.2 µm filters after lysis with H 2 SO 4 (Torstensson et al. 2019) .
Studies focusing on the freezing aspect of sea ice have shown that increased salinity reduces growth rates in sea-ice diatoms, and that they can become more tolerant to hyperosmotic conditions as the temperature decreases (Aletsee and Jahnke 1992; Gleitz and Thomas 1992) , highlighting the importance of studying the synergism between environmental constraints on physiological processes. Interestingly, a similar trend also seems to occur at higher temperatures in the present study, as we observed a statistically significant interaction between temperature and salinity on the growth of N. lecointei. Although this interaction could not be fully described using a multiple comparison test, it is likely that the significant interaction originated from the slightly higher growth at 3 °C and salinity 20, suggesting that N. lecointei grows faster at intermediate salinities when temperature is also higher than in the sea-ice environment. Our growth rate data also suggest that the optimal growth salinity for N. lecointei is somewhere within the range of 20-35. This range is lower than the average salinity in the Southern Ocean, but similar to that Antarctic sea-ice algae may experience in the summer (Torstensson et al. 2018 ) and close to the optimal salinity of the Antarctic sea-ice diatom Navicula cf. normaloides (Schlie and Karsten 2016) . Our data suggest that N. lecointei may be adapted to a lower salinity than the underlying seawater, and may have a competitive advantage as the sea ice becomes associated with features related to ice melt, which may explain its high relative abundance in sea ice going through melting stages (Ligowski 1992) . Table 4 Arithmetic and true (pH T ) mean of carbonate system parameters at in situ temperature pCO 2 was calculated from pH T and A T , using the K 1 and K 2 constants determined by Mehrbach et al. (1973) and refitted by Dickson and Millero (1987) . The constant for SO 4 − was determined by Dickson (1990) . Values in parenthesis represent standard errors (n = 5) No or very minor negative effects of increased pCO 2 have previously been reported on the growth of N. lecointei at −1.8 °C (Torstensson et al. 2013 (Torstensson et al. , 2015b , which is consistent with this study. By the end of the experiment in the present study, however, we observed a 16% increase in NPQ and a 14% increase in TBARS content at high compared to low pCO 2 , indicating that ocean acidification may lead to higher PAR sensitivity in N. lecointei, similar to that seen in natural sea-ice algal assemblages (Castrisios et al. 2018) and in mesophilic diatoms (Gao et al. 2012) . Radiation stress can be coupled with increased lipid peroxidation in Antarctic microalgae ), which may have been coupled with a mismatch in PSII efficiency and reactive oxygen species scavenging as a result of lowered medium pH. Increased levels of oxidative stress may also explain why N. lecointei grew slower and experienced more leakage of dissolved organic carbon (DOC) as a stress response when exposed to high pCO 2 for up to 194 days (Torstensson et al. 2015b ). Although cells had higher TBARS content at high pCO 2 , neither growth nor fatty acid composition were affected, suggesting that the diatom was capable of protecting itself from this seemingly minor stress.
Elevated pCO 2 has in previous studies resulted in increased release of dissolved organic carbon due to carbon overconsumption in microalgae when inorganic nutrient balances are shifted towards a more carbon-rich state, which may also affect the bacterial component of polar marine systems (Engel et al. 2013; Torstensson et al. 2015b ). Extracellular polysaccharide substances (EPS) are carbonrich compounds produced by microorganisms and play an important role in sea-ice environments (Deming and Young 2017) . Yields of EPS have been reported to increase in seaice diatoms when grown at elevated salinity and decreased temperature, and are therefore believed to act as important osmo-and cryoprotectant (Aslam et al. 2012; Torstensson et al. 2019) . The cryoprotective properties of EPS may explain why the carbohydrate content of N. lecointei was higher at −1.8 °C compared to 3 °C in the present study. In addition, the production of the uronic acid component of EPS has previously been shown to increase in temperate biofilms exposed to high pCO 2 (Lidbury et al. 2012 ). However, we did not observe any effects of enhanced carbohydrate accumulation at high pCO 2 , which could be used as a proxy for particulate EPS production, although the DOC fraction is unknown in the present study and may represent a noticeable part of the excreted carbon in this diatom strain (Torstensson et al. 2015b ).
According to our data, the higher temperature (3°) and the intermediate salinity (20) treatments resulted in optimal growth conditions for N. lecointei, as carbohydrate and fatty acid accumulation was lower, and protein synthesis was higher (coinciding with high growth rate); in addition, saturated fatty acids were also higher at low temperate and low salinity, as well as TBARS content. All these data indicate higher stress at low temperature and low salinity, thus the metabolism was directed to the synthesis and accumulation of carbohydrates and fatty acids. In comparison to ocean warming and desalination, ocean acidification had limited effects on the physiology and biochemical composition of N. lecointei. Although the outcome of ocean acidification experiments on sea-ice algae have been mixed with positive, negative and neutral effects, the effect sizes have been relatively small compared to other environmental stresses, such as temperature (Aletsee and Jahnke 1992; Gleitz and Thomas 1992; McMinn 2017) . Psychrophilic diatoms maintain efficient carbon concentrating mechanisms (CCMs) and high concentrations of Rubisco (Tortell et al. 2013; Trimborn et al. 2013; Young et al. 2015a) . It is also likely that the investments in CCMs are less costly at low temperatures due to the high solubility of CO 2 (Young et al. 2015b ), which may explain why N. lecointei was only affected by ocean acidification at elevated temperature in a previous experiment (Torstensson et al. 2013) . Although most ocean acidification experiments on sea-ice microorganisms have been performed using short incubation times (McMinn 2017) , it is important to consider the duration of the experiment when interpreting these results, as some effects of increased pCO 2 may not be detected in sea-ice diatoms until after a long acclimation period (Torstensson et al. 2015b ). In addition, sea ice is an environment with high seasonal pCO 2 dynamics (Geilfus et al. 2012 ), suggesting that the microorganisms inhabiting this environment are used to tolerate large variations in pH and therefore less likely to be negatively affected by a 0.4-unit decrease. Therefore, we conclude that the physicochemical changes related to sea ice melting have greater consequences than the direct effects of future ocean acidification (from 400 to 1000 µatm pCO 2 ) on N. lecointei.
